We report on the first multi-color precision light curve of the bright Wolf-Rayet binary γ 2 Velorum, obtained over six months with the nanosatellites in the BRITEConstellation fleet. In parallel, we obtained 488 high-resolution optical spectra of the system. In this first report on the datasets, we revise the spectroscopic orbit and report on the bulk properties of the colliding winds. We find a dependence of both the light curve and excess emission properties that scales with the inverse of the binary separation. When analyzing the spectroscopic properties in combination with the photometry, we find that the phase dependence is caused only by excess emission in the lines, and not from a changing continuum. We also detect a narrow, high-velocity absorption component from the He I λ5876 transition, which appears twice in the orbit. We calculate smoothed-particle hydrodynamical simulations of the colliding winds and can accurately associate the absorption from He I to the leading and trailing arms of the wind shock cone passing tangentially through our line of sight. The simulations also explain the general strength and kinematics of the emission excess observed in wind lines such as C III λ5696 of the system. These results represent the first in a series of investigations into the winds and properties of γ 2 Velorum through multi-technique and multi-wavelength observational campaigns.
INTRODUCTION
Massive stars provide important feedback to their parent galaxies through ionizing radiation, stellar winds, and their terminal supernova explosions. A growing amount of evidence suggests that they virtually all start their lives in multiple systems, and interactions between binary components is common (Sana et al. 2012) . During the course of binary evolution, a majority of interactions involve matter transferring from one star to the other. Sometimes, they merge into a single rapidly rotating star (Vanbeveren 2012; Pauldrach et al. 2012) , but the majority of the time they undergo Roche lobe overflow (RLOF) from the primary to spin up the companion star (e.g., Shara et al. 2017) . Through either the RLOF process or mass lost through its strong stellar wind, the primary star can lose its envelope and become a classical He-burning Wolf-Rayet (WR) star.
WR stars are characterized by strong stellar winds and high effective temperatures. They represent the final stage of a massive star's life as it evolves through the helium main sequence. The mass loss rates are high (Ṁ ∼ 10 −5 M⊙yr −1 ) as are the terminal wind speeds (v∞ ∼ 1500 − 3000 km s −1 ). Many WR stars are in binary systems, and the companion stars tend to be massive O stars (e.g., Rosslowe & Crowther 2015) . The winds collide and produce a shock cone, even in relatively long-period binaries (e.g., Bartzakos et al. 2001) . Orbital modulation can be observed with spectroscopy, but often with photometry as well, even in non-eclipsing systems (e.g., Lamontagne et al. 1996) . However, the fact that WR stars are near the end of their lives makes the measurement of their masses difficult due to their scarcity, and only four systems have been resolved with interferometry where visual orbits are attainable in a reasonable amount of time: γ 2 Vel (North et al. 2007; Hanbury Brown et al. 1970; Millour et al. 2007 ), WR 140 (Monnier et al. 2004 (Monnier et al. , 2011 , and WR 137 and WR 138 (Richardson et al. 2016b ). Some other long-period binaries were resolved with the Hubble Space Telescope (e.g., Niemela et al. 1998; Wallace et al. 2002 Wallace et al. , 2005 , but these systems will have much longer periods, making it difficult to obtain both visual and spectroscopic orbits. However, only γ 2 Vel and WR 140 have enough time-coverage with interferometry to constrain the masses of the component stars using their visual orbits. However, in these systems, phase coverage to constrain phase-resolved variability is difficult to obtain due to the longer periods of the systems, but some efforts have been successful, especially for WR 140 near periastron (Marchenko et al. 2003; Fahed et al. 2011) .
There are a few WR stars that were observed with precision time-series photometry with the MOST (Microvariability and Oscillations of STars) space telescope (Walker et al. 2003) . These data are complicated in that they show some quasi-periodic variations which may be related to largescale structures in the winds of these stars (e.g., WR 110; Chené et al. 2011 ). In the case of WR 123, Lefèvre et al. (2005) found that the star may pulsate with a period of 10 h, but such a convincing pulsation has not been observed for any other WR. Several WR stars show evidence of a photometric eclipse-like phenomenon, where electron scattering causes symmetric dips in their light curves (Lamontagne et al. 1996) . Atmospheric eclipses were seen in the WR binary CV Serpentis, observed with the MOST satellite by David-Uraz et al. (2012) , but the eclipses changed with each cycle. The authors attributed the changing eclipse depths as evidence for sporadic dust formation within the wind of the WR star. However, these WR stars observed with MOST tend to be relatively faint, so simultaneous spectroscopic variability campaigns were difficult to coordinate due to their faintness and telescope oversubscription rates. This study aims to rectify these limitations to our understanding of the variability. γ 2 Vel is the closest and brightest WR star at a distance of only 330 +8 −7 pc (North et al. 2007) . It is a doublelined spectroscopic binary, composed of a WC8 star and an O7.5 giant star, with an orbital period of 78.53 ± 0.01 d (Schmutz et al. 1997) . The individual component spectra were modeled with the non-LTE radiative transfer code CM-FGEN by De Marco & Schmutz (1999) for the O star and De Marco et al. (2000) for the WR star. The spectroscopic orbit is well constrained and was combined with an interferometric analysis of the orbit by North et al. (2007) . The combination of these studies led to very precise orbital parameters such as the inclination of 65.5 ± 0.4
• and stellar masses (MWR = 9.0 ± 0.6M⊙; MO = 28.5 ± 1.1M⊙), allowing us to study the binary in detail and constrain models. The system is likely the byproduct of binary interactions (Eldridge 2009 ).
The stellar properties from interferometry were explored by Millour et al. (2007) . They used the spectral models of De Marco & Schmutz (1999) and De Marco et al. (2000) to model spectral observations from the VLTI/AMBER instrument. Their findings supported a distance that was larger than that measured by the Hipparcos mission, a result that was then confirmed by North et al. (2007) . They showed that a slight elongation of the WR wind was compatible with the observed visibilities from the emission lines. Unfortunately, the only interferometric observation with spectral dispersion for γ 2 Vel was this single point from VLTI obtained during the commissioning phase of the instrument. Lamberts et al. (2017) examined new VLTI/AMBER data and used numerical simulations to derive an orbit that was nearly identical to that reported by North et al. (2007) . Their numerical simulations allowed them to discern the effect of the spatially-resolved colliding winds' shock cone in the near-infrared continuum and in emission lines. Further, they found phase-dependent behavior of the P Cygni absorption component of the He I λ2.059 µm transition, likely originating from the shock cone as it orbits. The emission lines in the K-band show excess strength near periastron, but the temporal coverage of their interferometric observations does not allow much information about the orbital dependence of the variations. γ 2 Vel is the closest example of a colliding-winds (CW) binary in the Galaxy. In CW systems with WR components, we typically can observe evidence of the shock cone in the optical spectral lines (e.g., Hill et al. 2000) , X-ray production (e.g., Sugawara et al. 2015) , and in some WC stars dust is produced (e.g., Williams et al. 1990) . It is currently unknown if all the later-type WC stars require a companion wind to produce dust or not. However, some earlier type WC stars (e.g., WR 140) produce dust through their wind collisions. The high-energy photons come from the conversion of kinetic energy to radiation in the shock cone, and in the case of γ 2 Vel has been shown to produce γ-rays (Pshirkov 2016). γ 2 Vel is a well-studied X-ray source, with variability studies previously accomplished related to its ROSAT light curve (Willis et al. 1995) , while ASCA and XMM-Newton have been used to examine the spectral differences between the high and low states, which shows an extremely variable hard X-ray component (Rauw et al. 2000; Schild et al. 2004) . The binary has a small enough orbit that radiative braking likely plays a large role in the X-ray production (Gayley et al. 1997a) .
The BRITE-Constellation nanosatellites observed γ 2 Vel photometrically for six contiguous months during 2014-2015. These measurements represent the best photometric time-series of any WR star to date, with milli-mag precision. In parallel, we scheduled and executed a world-wide spectroscopic campaign on the system. This paper presents the first analysis of these data, concentrating on the optical variability related to the orbit of the system. Future analyses will examine short-term variations, detailed modeling of the colliding winds, and recent X-ray observations with XMM-Newton. The remainder of this paper is structured as follows. In Section 2, we present the observations. Section 3 details the properties of the spectroscopic orbit we derived. The photometric results are analyzed in Section 4, while the spectroscopic variations from the colliding winds are discussed in Section 5. We discuss the results in Section 6 and outline the future parts of an effort to understand the nearest colliding winds binary in Section 7 along with our main conclusions.
OBSERVATIONS

BRITE Photometry
Precision time-series photometry was collected for this project with BRITE-Constellation (BRIght Target Explorer). BRITE-Constellation is a fleet of five nanosatellites described in detail by Weiss et al. (2014) and Pablo et al. (2016) . The telescopes have 3 cm apertures, with two satellites recording blue images (3900-4600Å) and three satellites recording red images (5500-7000Å). Their field of view is large, 20
• × 24
• . Data are downloaded for up to 20-30 stars simultaneously, depending on the field. The orbital periods of the fleet range between 97 and 101 minutes. To allow for performing reliable photometry, the optical system has intentional defocussing applied. The pixel scale is 28 ′′ , and the FWHM for stellar PSFs are between 5-8 pixels, meaning that the light of γ 1 Vel and the other surrounding stars blurs into the light of γ 2 Vel during the observations. However, their contribution is small (∼ 10%) in comparison to the brightness of γ 2 Vel so the variability observed is strongly representative of the WC+O system.
The observations were recorded between 2014 December 1 and 2015 May 28, and a total of 116,692 data points were recorded with the BRITE-Austria (blue filter) and BRITEToronto (red filter) satellites. The measurements were made with continuous one-second exposures for 5-10 minutes per orbit when the field was visible. Further reductions were done to remove artifacts introduced by an extraordinary and unstable dark current rate in so-called hot pixels and in warm columns. Precision was increased by creating a mean measurement for each satellite orbit of 100.36 minutes (BRITE-Austria) or 98.24 minutes (BRITE-Toronto), resulting in a ∼ 1mmag precision for the differential photometry after removing the correlations with instrumental effects, in the manner described by Pigulski et al. (2016) .
We also note that the BRITE-Constellation nanosatellites were switched from operating in a stare imaging mode to a chopping mode during the course of these observations. The chopping mode performs photometry through a difference between consecutive frames, in which the telescope pointing is offset, resulting in the stellar PSF shifting. The difference images obtained by subtracting two consecutive frames, have virtually all the defects subtracted with the positive and negative PSFs profile clearly visible. This process has been shown to increase data quality and precision Popowicz et al. 2017 ).
Ground-based Spectroscopy
We initiated a world-wide campaign to better determine the orbit and spectroscopic variability of γ 2 Vel during the course of the BRITE-Constellation campaign. We summarize the sources of spectroscopic data in Table 1 , and summarize the reductions in the following subsections. We concentrated on the C III λ5696 transition for investigation of the variability due to the atomic processes that contribute to its formation. Hillier (2015) describe the emission of this line (2s3d 1 D → 2s2p 1 P 0 ), and how the population in the 2s3p 1 P 0 state is drained by transitions to 2p 2 1 D and 2p 2 1 S, allowing this line to remain optically thin and flat-topped despite strong emission. C III λ5696 is sensitive to density effects and is also free from blended wind lines, making it ideal to study colliding winds and clumping processes in the WR wind. We also investigated other lines when possible or appropriate, as described in subsequent sections.
CTIO 1.5 m/CHIRON
We began monitoring γ 2 Vel with the CTIO 1.5m telescope operated by the SMARTS Consortium and the highresolution CHIRON echelle spectrograph (Tokovinin et al. 2013 ) that covers the optical spectrum from ∼ 4500Å to ∼ 8500Å. The starlight is fed through a multi-mode fibre that has a size of 2.7 ′′ on the sky. We began monitoring the system with the "slicer" mode (R ∼ 80, 000) in 2015 February, which we continued until the star was too low in the sky to continue observations (2015 June). On a given night, we obtained between 1 and 6 spectra, each of which consisted of a co-added set of three 20-s exposures, which combined to give a S/N of 400 per pixel in most observations. All spectra were corrected for bias and flat field effects and wavelength calibrated through the standard CHIRON pipeline. This leaves a very strong blaze function present on each order which is difficult to remove in the presence of strong emission lines, frequently exhibiting widths similar to the echelle order range. Therefore, we observed HR 4468 (B9.5Vn) to fit the continuum blaze function empirically on orders without spectral lines as was done by Richardson et al. (2016a) for η Carinae. Echelle orders with strong spectral lines present (e.g., around Hα and Hβ) had blaze functions interpolated between the adjacent orders. The resulting spectra were then normalized and combined into standard one-dimensional spectra, and the resulting order overlaps in the blue showed us that the blaze removal was accurate to within 0.5%. A global normalization was then applied to obtain a continuum of unity, which we adjusted in the regions adjacent to our spectral lines of interest for analysis.
SAAO
We used the Grating Instrument for Radiation Analysis with a Fibre Fed Echelle (GIRAFFE) spectrograph at the 1.9 m telescope of the South-African Astronomical Observatory (SAAO) to obtain 206 high-resolution (R ∼ 39, 000) echelle spectra of γ 2 Vel covering the wavelength range 4250 − 6800Å, during 14 nights between 2015 January 28 and 2015 February 10. Camera flat-fields were acquired at the beginning of the run whereas fiber flat-fields and bias frames were obtained in the usual way at the beginning of each night. Arc exposures were acquired between each set of 4−10 consecutive spectra of γ 2 Vel and after switching back from observations of the other scientific target of the campaign (ζ Puppis; Ramiaramanantsoa et al., in prep). Data reduction and extraction of one-dimensional wavelengthcalibrated spectra uncorrected for the blaze function were performed with indlulamithi, the standard Python-based pipeline for GIRAFFE data reduction and extraction. Correction for the blaze function in the extracted spectra of γ 2 Vel was achieved by dividing the spectra by those of the B9.5V star HR 4468 taken with the same instrument setup, and in a similar manner to the CHIRON data. After stacking consecutive exposures, we obtained 29 spectra having a S/N 100 in the continuum.
SASER
The advent of affordable spectrographs available for small telescopes has allowed for a new era in massive star research, especially in the case of WR stars (e.g., Fahed et al. 2011; Aldoretta et al. 2016) , and has led to a Southern Astro Spectroscopy Email Ring 1 (SASER) which promotes professional/amateur collaboration, allowing for results to be 1 http://saser.wholemeal.co.nz/ shared quickly within the group, which has benefited several campaigns on massive stars (e.g., Teodoro et al. 2016) . During the course of the BRITE-Constellation photometric campaign, we initiated a collaboration with these southern spectroscopists who have small telescopes (0.25-0.5 m) and commercially available spectrographs such as the LHIRES III 2 or Spectra L200 3 , which can deliver spectra with resolving power of 7,000-15,000. The details of these instruments are given in Table 1 . All 250 spectra were corrected with bias, dark, and flat field frames taken near in time to the science exposures, and were wavelength calibrated with an internal lamp taken either before or after the stellar exposures. The wavelength solution was confirmed with telluric absorption lines near the C III λ5696 line.
HEROS archival data
In addition to the measurements from our data, we remeasured the data from Schmutz et al. (1997) in the same manner. These data included 132 blue spectra spanning 3420-5590Å and 145 red spectra spanning 5780-8632Å. The observations were collected with the HEROS (Heidelberg Extended Range Optical Spectrograph) on the ESO 50 cm telescope. The resolving power of these observations was ∼ 20, 000.
Final reductions of all spectra
The C III λ5696 transition is contaminated by weak telluric absorption lines. We corrected all spectra for telluric absorption using a template spectrum (Wallace et al. 2011 ). The high-resolution telluric spectrum was convolved to the instrumental response of the observation determined using a Gaussian fit of an isolated telluric line. We further used these lines to ensure that the wavelength solution of the spectra was accurate to within one pixel for all data. The strengths of these model telluric lines were varied in order to allow for an optimal removal of the contaminating lines. In the case of the CHIRON or GIRAFFE data, we also telluric corrected the spectrum in other regions where the absorptions were optically thin, as we did not observe a telluric standard for every observation. Finally, all spectra were normalized in a common wavelength region in order to be inter-compared.
THE DOUBLE-LINED SPECTROSCOPIC ORBIT
The purpose of this first paper on the data sets obtained on γ 2 Vel is to explore the optical variability that is driven by the binary orbit. As such, we began our study with a re-derivation of the double-lined orbit. Here we outline our methodology for the measurements made and present a finalized ephemeris of the system. We began our analysis with the measurement of the radial velocities of strong WR emission lines. These lines are often contaminated by the O star absorption lines or effects of the colliding winds, so we utilized a bisector method to measure velocities near the base of the wind profiles which we illustrate in Fig. 1 . The bisector measurements minimizes the effects of the inhomogeneities in the wind line profiles caused by the colliding winds (e.g., Hill et al. 2000) , co-rotating interaction regions (e.g., Aldoretta et al. 2016) , or any other short-lived variations present in the wind density.
For the O star, we used a model spectrum with the parameters for the star given by De Marco & Schmutz (1999) for temperature T eff , gravity log g * , luminosity L, and projected rotational velocity v sin i. The model was calculated with the Potsdam Wolf-Rayet (PoWR) model atmosphere code (e.g., Shenar et al. 2015) . The code solves the non-LTE radiative transfer in expanding atmospheres and accounts for wind inhomogeneities and line blanketing (see Gräfener et al. 2002; Hamann & Gräfener 2004 , for further details). The resultant model spectrum was then diluted in strength to match the line depths of the O star in the binary as the WR star contributes 38% of the optical light (North et al. 2007) , making the O star lines appear weaker than that of a single O star.
In Figure 2 , we show our method for measuring the velocity of the absorption lines in our spectra. We began by convolving the model to the spectral resolution of the obser- A sample spectrum around the He I λ5876 line of γ 2 Vel from the CHIRON data set is shown on the left, with the model O star spectrum also plotted, which is offset for clarity. We calculate a standard deviation of the region surrounding the absorption line when the model is subtracted for a large number of radial velocities (top right). We then determine the radial velocity by finding the zero-point of the numerical derivative (bottom right).
vations which included the O star absorption lines. Then, we subtracted the model from the observations for a range of velocities larger than the amplitude of the velocity changes. As the γ-velocity is near zero, and the semi-amplitude of the O star's orbit is less than 65 km s −1 , we adopted a range of ±120 km s −1 over which to measure the velocity of the absorption line. At each test velocity, we calculated the smoothness of the WR emission peak by means of the standard deviation (σ), as every line is blended with emission from the WR star. This measurement reached a minimum at a velocity corresponding to the radial velocity of the O star during the observation. Then, we identified the radial velocity at which the numerical derivative dσ/dv was equal to zero, and adopted this as the velocity for that observation. These measurements are shown for a sample He I λ5876 line in Figure 2 and are available as an online supplement to this paper.
We began our analysis by checking the period of the binary orbit with time-series techniques such as the Scargle periodogram (Scargle 1982 ) and the phase dispersion minimization routines (e.g., Stellingwerf 1978). We found that because our data span about two orbital periods (78.53 d), we could not significantly improve upon the period's accuracy. Therefore, we adopt the 78.53 d period derived by Schmutz et al. (1997) , and used in the interferometric analysis of North et al. (2007) .
We fit orbital elements for each emission line's set of radial velocity measurements. Each measurement was weighted according to its spectral resolution and signal-tonoise ratio. The fit for the C III λ5696 line is shown in Fig. 3 , as is the O star orbit. The orbital elements for each line are tabulated in Table 2 . We adopt the C III 5696 orbit as our best fit due to the similarity to the eccentricity derived in the interferometric orbit (North et al. 2007 ) and the relatively small residuals in the fit. We found similar success with the O star, where the H I + He II λ4861 transition produced a good orbital fit to the data. In general, the orbital fits of North et al. (2007) and Schmutz et al. (1997) are confirmed, and were not significantly improved upon. We adopt the spectroscopic orbital parameters of C III λ5696 for the remainder of this analysis. We anticipate that differences in the orbital elements are related to excess emission and absorption effects showing up near the periastron passage.
PHOTOMETRIC MODULATION FROM THE COLLIDING WINDS
In Figure 4 , we show the entire BRITE-Constellation light curve of γ 2 Vel obtained in 2014-2015 with units of fractional flux. This measurement shows the change from the average value of the light curve, and a value of +0.01 indicates a 1% increase in flux. The blue and red data correlate well with each other, and there is a general agreement between the data obtained with the two satellites. The most striking feature in these light curves is a long-term variation with a time-scale that is similar to the orbital period. We used Period04 (Lenz & Breger 2005) to begin our analysis. The Fourier transforms of the photometric data are shown in Figure 5 . The Fourier transforms show similar peaks, confirming the visual similarities of the data from the two satellites. The peak is stronger in the blue filter, whereas the red peak seems to have a secondary peak at twice the orbital frequency. The frequencies are identical within the errors.
The time-series analysis shows that the strongest frequency present in the photometric data corresponds to the orbital frequency. The photometry from both BRITEAustria and from BRITE-Toronto show a periastron peaking flux for the periastron passages, which is shown in Fig. 4 .
In order to better characterize the data on the orbital time-scale, we binned the data in phase bins. Each bin had more than one hundred individual points used to derive the measured flux, making the relative errors negligible in the phased light curve presented in Figure 6 . In this figure, there is a small amount of flux deficiency near periastron in the red compared with the blue. We fit the excess flux with a simple relation inversely proportional to the distance (D −1 ) between the stars in their eccentric orbit. The D −1 relationship is predicted for X-ray variations related to adiabatic cooling in CW systems, so one may expect similar results in the optical continuum (e.g., Fahed et al. 2011 ). The result is a reasonable fit of the excess flux, with an amplitude of 0.009 in the fractional flux. We have also overplotted this trend in the entire BRITE-Constellation light curve shown in Fig. 4 We could not find any other examples in the literature for a D −1 photometric relationship in WR+O colliding winds binaries, but this is likely similar to the spectral line variability seen in other colliding winds systems, such as WR 140 (Fahed et al. 2011 ). In the case of WR 140, the eccentricity is much higher (e = 0.894), and the spectral line variability follows a D −2 dependency rather than a D −1 . Such a relation likely shows that the gas is fairly radiative in its cooling rather than adiabatic (Fahed et al. 2011 ). For our observations of γ 2 Vel, the difference between the D −2
and D −1 fits is minimal as the eccentricity is much lower (e = 0.33), so we have adopted the adiabatic (D −1 ) relation here. A similar photometric behavior is possibly seen in the highly eccentric system R 145 in the LMC, but the data obtained were sparse and not modeled in that instance (Shenar et al. 2016) . Lastly, there was photometric modulation on the 208 d orbit of WR 25 seen in the ASAS photometry reported by Pandey et al. (2014) with the photometric peak occurring near phase 0, but the light curve appears to be non-symmetric about the periastron passage. .
SPECTROSCOPY OF THE COLLIDING WINDS
Most of our spectroscopy focused on the C III λ5696 transition due to the atomic processes mentioned in Section 2.2. We began our analysis of the colliding winds of the system by measuring the equivalent width along with the normalized third and fourth central moments (skewness and kurtosis, respectively) of the line. (In a Gaussian distribution, the skewness is zero, and the kurtosis is three.) These measurements are shown in phase in Fig. 7 , and show that the profile is always slightly skewed to the positive and that the profile has a kurtosis less than three, indicating that the light profile has a velocity distribution that reaches zero with a steeper slope than a Gaussian. The behavior of the equivalent width of the C III line can be explained in terms of the colliding winds. Close to the periastron passage, the wind-wind collision is at a peak which falls off as the distance increases. As in the case of the photometric behavior (see previous section), we fit the variations with a D −1 dependency, which is overplotted in Fig. 7 . The measurements of the skewness and kurtosis peak near the periastron passage. The profile becomes the most non-Gaussian in terms of skewness near periastron, while the kurtosis shows that the profile becomes more centrallypeaked.
In Fig. 8 , we show phased dynamical spectra of four spectral lines of varying sensitivity to the colliding-winds effects. Each sub-panel shows both the line spectra and a greyscale representation of the spectra with the average profile subtracted from the observations. Each line shows a peak in emission at phase zero (periastron), as expected from the results of the equivalent width measurements in Fig. 7 . The measurements of C III λ5696 show that the skewness of the profile is fairly stable between phases 0.2 and 0.8, which is visually seen in these dynamical plots in the form of small amounts of variability during these phases.
In the He I λ5876 profile, we note a striking appearance of a narrow P Cygni type absorption. It appears around phase 0.85 at ∼ −500 km s −1 , accelerating to −1100 km s −1 at phase 0.95, when it disappears. At phase 0.20 it reappears at −1100 km s −1 and decelerates back to −500 km s −1 before disappearing again until phase 0.85. We suspect that this absorption is related to the structure of the cooler parts of the shock cone located further from the two stars, and will return to this in the following section. 
DISCUSSION
This paper has amassed a large and unique spectroscopic and photometric data set which we can use to better understand the variability of Wolf-Rayet stars and binary systems. We explore the physics of the orbit, the photometric modulation, and wind shocks in this section. Koenigsberger et al. (2014) examined the massive SMC binary HD 5980, which consists of two early WNh stars. Despite the eclipsing nature of HD 5980, it has continued to be difficult to estimate the masses of the component stars. In order to obtain masses, Koenigsberger et al. (2014) elected to use the highest ionization lines that would form at the smallest radii from the WR star. In Fig. 9 , we show the effects of differing ionization potential on the observed semiamplitude of the WC orbit in the γ 2 Vel system from the orbital elements in Table 2 and the atomic data in the NIST database (Kramida et al. 2016) .
The He I λ5876 orbit does not fit within the trend shown in Fig. 9 . He I λ5876 is strongly influenced by absorption from the leading and trailing arms of the shock cone from the colliding winds in the system, which we think is the reason for the outlying point. The dependence between the upper energy state and the semi-amplitude is likely influenced by a few effects. First off, these lines often do show the effects of colliding winds, which manifest themselves as large emission perturbations that are sometimes double-peaked in nature. The perturbations could sway the overall velocity to the red or blue by a small amount, but mostly near the peak of the lines. These emission line velocities were measured near the base of the profile, so effects on these derived velocities from the central parts of the profile and peaks should be minimal.
The observational fact that a D −1 trend is present for both the photometry (Fig. 6 ) and emission line spectroscopy such as the C III λ5696 transition (Fig. 7) lends itself to questioning if the continuum is changing, or if the change is an effect of increased line production from the shocks at periastron. In order to determine the source of this effect, we compared blue spectra taken at apastron and periastron by Schmutz et al. (1997) with the BRITE blue filter response. We also compared the BRITE red filter response with our new CHIRON spectroscopy (Fig. 10) . These results show that the variations, when integrated across the spectrum convolved with the filter response, are identical. In both cases, the continuum was normalized to unity, im- plying that the photometric changes are reflecting the spectroscopic changes from apastron to periastron, namely that a select few lines contribute a small amount of excess when the stars are closest in the orbit. Likely, these changes also explain the photometric excess seen in other eccentric WR binaries such as R145 (Shenar et al. 2016) , which might be expected for a hot, optically-thin plasma.
We built smoothed particle hydrodynamic (SPH) simulations of the colliding winds in γ 2 Vel, using the parameters given in Table 3 . The code originated from Benz et al. (1990) and Bate et al. (1995) , with the first application to a colliding wind binary system by Okazaki et al. (2008) . Current capabilities of the code are described by Madura et al. (2013) and Russell et al. (2016) , which include radiative cooling of the shocked plasma and the acceleration of each wind from its stellar surface according to a β−velocity law, v(r) = v∞(1 − R/r) β , where v∞ is the terminal wind speed and R is the stellar radius. The wind speeds and mass-loss rates for the two stars were taken from De Marco & Schmutz (1999) and De Marco et al. (2000) . The orbital elements were a combination of the visual elements of North et al. (2007) and our radial velocity results presented here. In particular, we use our radial velocity orbits, but the inclination from North et al. (2007) . We note that these simulations can qualitatively be used, but require better X-ray data near periastron to constrain how to incorporate radiative braking (Gayley et al. 1997b) . Nevertheless, these simulations provide an excellent framework within which to examine our spectroscopic results.
Figs. 11-13 show the density, temperature, and lineof-sight velocity of the SPH simulation through a full orbital cycle. The particular plane shown is close to the orbital plane, but is rotated according to the orbital elements of North et al. (2007) and our own results to place the observer to the right of the frame. The WR star (in projection) is on the right of the top panel of Fig. 11 , and the orbital motion is counterclockwise. We use these figures to describe features of the model in a qualitative sense.
The first spectroscopic feature we will discuss is the excess emission from the C III λ5696 line. In the dynamical spectra in Fig. 8 , we see that the line profiles exhibit an excess that moves across the profile during the orbit, with a strength in the excess that peaks at periastron (Fig. 7) . This feature shows blue-shifted emission near phase 0.1, and red-shifted emission near phase 0.7. These features can be seen in the SPH figures. For example, in the top panel of Fig. 12 , we see a hotter part of the shock cone below the WR star. This feature also has a radial velocity centered near 0, and would be easily seen as the C III excess at that time. At phases 0.1 and 0.7 (bottom panel of Fig. 12 and middle panel of Fig. 11) , we see the most extreme blue and red shifts in the excess, which can again be attributed to formation a little ways downstream from the head of the shock cone.
Another feature that is easily explained by the SPH simulations is the He I excess P Cygni absorption trough (Fig. 8 ). This absorption feature shows up around −500 km s −1 near phase 0.8, and rapidly accelerates to −1000 km In each case, we have subtracted the mean profile and only show the CHIRON spectra to maintain constant resolving power and similar S/N in the individual spectra. We also show the mean profiles that were subtracted in each plot, plotted with a thick dashed line.
s −1 near periastron. A deviation in the blue portion of the radial velocity plots for the bottom panel of Fig. 11 and the top panel of Fig. 12 (phases 0.8 and 0.9, respectively) shows that some gas in the shock cone has a strong blueward radial velocity trend. These parts of the shock cone, in the leading arm, are likely cooled sufficiently to have neutral helium. Thus, they are likely the source of the excess P Cygni absorption. We show the relevant plots again in Fig. 14 Figure 9 . Orbital semi-amplitude K 1 as a function of ionization potential.
accelerated velocities of the cone appear and disappear provide a basis for the shock cone opening angle for the system (Fig. 8 , bottom left panel). As these points are separated by about 0.4 of the orbital phase (phases ∼ 0.85 and 0.25), this would translate to an angle of roughly 70
• . This can be broadly supported with a Lührs model, as described by Hill et al. (2000) . In the approximation, the radial velocity amplitude is proportional to both cos θ and sin i, where θ is the half-opening angle of the cone and i is the inclination. We know the inclination thanks to the interferometry of North et al. (2007) and Lamberts et al. (2017) , where i = 65.5
• . As the semi-amplitude is ∼half of the width of the emission line, we should expect the opening angle to be near 60-65
• . We plan to make a more detailed model in a future analysis of these spectra.
The He I absorption returns with a high velocity near phase 0.2 at the similar high velocity of −1000 km s −1 , and then propagates to lower velocities (−500 km s −1 ) by phase 0.3 (see Fig. 14) . This second absorption feature is less strong, and would be formed in the trailing arm of the shock cone. A feature similar to the leading arm in the bottom panel of Fig. 11 at phase 0.8 is readily seen at the SPH figure corresponding to phase 0.3 (second panel of Fig. 13 ). While a small deviation appears at phase 0.4 in the SPH figures, we expect that this is either absent or barely noticeable in the He I spectroscopy due to the close proximity of the gas to the binary, where the gas has a higher temperature. A small excess of C III emission is observed at the same phase and velocity, further strengthening this argument. Similar features are seen in other CW binaries, such as V444 Cygni (Marchenko et al. 1994 (Marchenko et al. , 1997 .
The SPH simulation is extremely helpful in qualitatively describing the variability present in the system. We will improve upon the SPH simulations in the near future with the addition of new X-ray spectra from XMM-Newton. Furthermore, we will examine the quantitative behavior of the C III excess with the modeling tools used by Hill et al. (2000) to further constrain the system.
CONCLUSIONS AND FUTURE WORK
This study presents the first look into a large dataset incorporating a six-month high-precision light curve from BRITE-Constellation and about 500 high-resolution optical spectroscopy. We confirmed the double-lined spectroscopic orbital elements of North et al. (2007) , which also confirms that the current masses are MO = 28.5M⊙ and MWC = 9.0M⊙. The colliding winds produce measurable photometric and spectroscopic effects. Lines such as C III λ5696 show an equivalent width variation inversely proportional to the separation of the two stars in the system. Similar spectral variability is likely present across the optical spectrum, as the photometric variability can be reproduced with a D −1 trend. Integration of the spectra convolved with the BRITE-Constellation filters shows that the trend can be reproduced with only excess line emission.
Our SPH models are consistent with the models presented by Lamberts et al. (2017) , and are able to qualitatively describe the spectroscopic effects of the colliding winds in the optical emission lines. Similarly, the effects of the emission and absorption variability in the K-band were described in context of the numerical simulations and interferometric measurements of Lamberts et al. (2017) . γ 2 Vel was observed with BRITE again in late 2016 and early 2017. In parallel with these observations, we have collected X-ray spectroscopy with XMM-Newton across a periastron passage. The X-ray observations will provide the necessary constraints for radiative braking to improve our SPH modeling efforts and provide diagnostic information about the wind collisions.
These results are the beginning of an in-depth look into the closest, brightest colliding-winds binary, γ 2 Velorum. We plan on performing a detailed analysis of the short-term variations in the light curve and spectroscopy in the near future. Further, we intend to model the optical spectroscopy of C III λ5696 and other lines in the context of colliding winds in the same manner as Hill et al. (2000) . Figure 10 . BRITE filters compared to the spectrum of γ 2 Vel at apastron and periastron. Spectra have been offset for clarity. While the differences are not obvious in the spectra, the integrated spectra across the BRITE filters shows the variations are comparable to that of the photometry, roughly 1%.
in part on spectroscopic data obtained through the collaborative Southern Astro Spectroscopy Email Ring (SASER) group. The professional authors of this paper are grateful to the amateur astronomers of the SASER team, who invested personal time and a contagious enthusiasm for this project. Figure 11 . Density (left), temperature (center), and line-of-sight velocity (right) of the hydrodynamic simulation of the colliding winds in γ 2 Vel. The plane shown is rotated and inclined from the orbital plane such that the observer is directly to the right of the frame. Each row shows a different phase; 0.6-0.8 for this figure. At phase 0.6, the WR star is on the right. The orbital motion is counterclockwise. Fig. 8 . We note that as the first shock arm crosses our line of sight in the He I phased plot at phases ∼0.8-0.95, there is a strong blue-shifted density enhancement seen in the shock arm. Similarly at phases 0.2-0.3, the trailing arm crosses our line of sight with similar blue-shifted radial velocities.
